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Integrins are cell-surface heterodimeric glycopro-
teins composed of alpha and beta subunits that
mediate cell-cell, cell-extracellular matrix, and cell-
pathogen interactions. In this study, we report
a specific role of integrin a5b1 in NLRP3 inflamma-
some activation in macrophages stimulated by
Td92, a surface protein of the periodontopathogen,
Treponema denticola. The direct interaction of
Td92 with the cell membrane integrin a5b1 resulted
in ATP release and K+ efflux, which are the main
events in NLRP3 activation. This interaction was
arginine-glycine-aspartate (RGD)-independent, and
Td92 internalization was not required for the activity.
An integrin a5b1 antibody and oxATP, an ATP
receptor antagonist, inhibited NLRP3 expression,
caspase-1 activation, interleukin-1b (IL-1b) secre-
tion, and proIL-1b synthesis, all of which were regu-
lated by NF-kB activation. Therefore, our data has
identified the integrin a5b1 as a principal cell
membrane receptor for both NLRP3 inflammasome
activation and IL-1b transcription by a bacterial
protein, which could exaggerate inflammation,
a characteristic of periodontitis.
INTRODUCTION
Interleukin-1b (IL-1b) is a potent proinflammatory cytokine that
is induced by many pathogens and that regulates immune
and inflammatory responses. IL-1b secretion is regulated in
two separate steps. Upon ligation of pathogen recognition
receptors with ligands, the transcription of the IL-1b gene is
increased, and proIL-1b (31 kDa) is synthesized in the cell.
The processing of the ‘‘pro’’ form into the mature form
(17 kDa) requires the assembly and activation of a caspase-1-
activating complex, the inflammasome. The inflammasome is
a component of innate immunity and a multiprotein complex
that contains nucleotide-binding domain and leucine-rich
repeat (NLR)-containing gene family. NLRs are pathogen recog-
nition sensors that are intracellularly localized and that detect
pathogen-associated molecular patterns, pathogen-specificfactors, or host danger signals induced by pathogens.
Recently, the signals and mechanisms leading to inflamma-
some activation have been intensively studied, and the NLRs
such as NALP, NLRC4, and NAIP have been reported to be
involved in caspase-1 activation (Schroder and Tschopp,
2010). Of those NLRs, NLRP3 has been the most intensively
studied, and there are a broad range of NLRP3-activating
stimuli including pathogen-associated molecules, danger-asso-
ciated molecular patterns, and environmental irritants (Benko
et al., 2008; Martinon et al., 2009). Although IL-1b is required
for host defense against pathogens, exaggerated expression
and secretion of this molecule can lead to tissue damage. Dys-
regulated inflammasome activation is associated with the path-
ogenesis of a variety of inflammatory diseases (Franchi et al.,
2009).
Periodontitis, one of the most prevalent oral diseases, is
a chronic inflammatory disease and major cause of tooth loss
induced by bacteria in the subgingival sulcus and is progressed
by host factors that are exaggerated by inflammation and
immune reactions. The proinflammatory and bone-resorptive
characteristics of IL-1b are associated with the immunopa-
thology of periodontitis, leading to periodontal tissue destruction
(Liu et al., 1996). IL-1b is increased in the gingival crevicular
fluid of periodontitis patients and correlates to the presence of
major periodontopathogens, such as Porphyromonas gingivalis,
Tannerella forsythia, and Treponema denticola, the so-called
red complex (Teles et al., 2010), and to disease severity (Ferreira
et al., 2008). An IL-1b polymorphism has been demonstrated to
be related to significantly higher IL-1b mRNA expression in
gingival tissues when compared to the wild-type (Ferreira
et al., 2008).
Oral spirochetes are composed of highly heterogeneous
Treponema species and are found in high numbers in periodon-
titis patients. Because of their distinctive morphotypes and the
virulence of Treponema species, they have been used as indi-
cators of the active progress of periodontitis. Td92 and its
homologs are common outer membrane proteins found in
several oral Treponema species that are strongly associated
with periodontitis (Jun et al., 2008). These proteins strongly
induce IL-1b expression in human monocytic THP-1 cells and
in human gingival fibroblasts. Because of diversity of oral spiro-
chetes, their common surface molecules, such as Td92, could
be appropriate target molecules to study for understanding the
role of IL-1b expression and activation in the pathogenesis of
periodontitis.Immunity 36, 755–768, May 25, 2012 ª2012 Elsevier Inc. 755
Figure 1. Td92 and Live T. denticola Induce Caspase-1 Activation and IL-1b Secretion
(A–C) THP-1 cells were treated with Td92, live T. denticola, PP4 (an irrelevant recombinant protein), truncated Td92 (Td-G and Td-B domain), or MDP for 1 to 12 hr
(6 hr in A and B). MDP-stimulated cells were then pulsed with 2.5 mM ATP for 30 min. Caspase-1 and IL-1b secreted into the culture supernatants (sup) and
procaspase-1, proIL-1b, and b-actin in the cell lysates (cell) were detected by immunoblotting (A). The IL-1b concentration in the culture supernatants was
analyzed by ELISA (B and C). The data are shown as the means ± SD. *p < 0.01 compared to unstimulated cells.
(D) THP-1 cells were pretreated with Z-YVAD-fmk or Ac-YVAD-cho for 30 min before stimulation with Td92 for 6 hr. Caspase-1, IL-1b, and b-actin were detected
by immunoblotting. See also Figure S1.
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Integrin a5b1 Priming Activates NLRP3 InflammasomeIntegrins are heterodimeric glycoprotein receptors composed
of alpha and beta subunits and mediate cell-cell or cell-
extracellular matrix interactions (Arnaout et al., 2005). Integrin
binding to ligands has pivotal roles in normal cellular functions,
such as cell proliferation, differentiation, and migration, as well
as in the pathogenesis of chronic inflammation and cancer. A
variety of microorganisms use integrins for binding to and
invading host cells either directly or indirectly.
In this study, we report a specific role of integrin a5b1 in the
activation of innate immune components by Td92, which is
a surface protein of T. denticola, in phorbol myristate acetate
(PMA)-differentiated THP-1 cells, a human monocytic cell line,
and in human peripheral blood mononuclear cell (PBMC)-
derived macrophages. Td92 directly interacted with integrin
a5b1 to activate the NLRP3 inflammasome and to upregulate
proIL-1b synthesis. Td92 internalization into the cells was not
required for this activity, and ATP release and K+ efflux induced
by Td92 were key functional factors.756 Immunity 36, 755–768, May 25, 2012 ª2012 Elsevier Inc.RESULTS
T. denticola and Td92 Activate Caspase-1 and IL-1b
Secretion
In a previous study, we showed that Td92 induces IL-1b mRNA
expression and secretion in THP-1 cells (Jun et al., 2008). In
this study, we determined whether Td92 and T. denticola acti-
vate caspase-1 and induce proIL-1b maturation in THP-1 cells.
Because caspase-1 is constitutively activated in undifferentiated
THP-1 cells and monocytes but not macrophages (Netea
et al., 2009), we used THP-1 cells differentiated with PMA
throughout this study to assess the effect of Td92 and
T. denticola on caspase-1 activation and IL-1b secretion. Td92
and T. denticola activated caspase-1, and the processed p20
subunit in the culture supernatants increased with increased
Td92 andT. denticola asdetected by immunoblotting (Figure 1A).
In addition to caspase-1 activation, Td92 and T. denticola
induced proIL-1b expression in the cells. We also included
Immunity
Integrin a5b1 Priming Activates NLRP3 Inflammasometruncated recombinant Td92polypeptides toexamine their ability
to activate caspase-1. The G-domain of Td92 (Td-G, N-terminal
half) activated caspase-1 and induced proIL-1 expression but
the B-domain (Td-B, C-terminal half) did not. These results
strengthen the hypothesis that Td92 has specific effects on
caspase-1 activation and proIL-1b expression. The dose- and
time-dependent release of active IL-1b after the addition of
Td92 or live bacteria was detected in culture supernatants by
ELISA (Figures 1B and 1C). To confirm that the Td92-induced
IL-1b activation was caused by caspase-1 activation, the cells
were pretreated with the caspase-1 inhibitors Z-YVAD-fmk and
Ac-YVAD-cho prior to Td92 treatment. As shown in Figure 1D,
Z-YVAD-fmk and Ac-YVAD-cho inhibited the caspase-1 activa-
tion and IL-1b secretion induced by Td92, indicating that IL-1b
activation by Td92 is caspase-1 dependent.
Because we used recombinant Td92, we performed control
experiments to verify that Td92 activity was not attributable to
endotoxin contamination. In contrast to that of LPS, the activity
of Td92 was remarkably reduced by heating but not by poly-
myxin B, an endotoxin inhibitor (Figure S1A available online).
After extraction with 1% Triton X-114, the activity of Td92 to
induce IL-1b secretion was not altered, whereas LPS completely
lost its activity (Figure S1B). The endotoxin activity of the re-
combinant Td92 was 0.37 EU/mg of the protein and 1/30,000
of that of Escherichia coli LPS of the same amount as measured
by a Limulus amoebocyte lysate assay. Furthermore, transfec-
tion with human Toll-like receptor 4 (TLR4) siRNA did not affect
Td92-induced proIL-1b expression (Figure S1C) and a Chinese
hamster ovary cell line transfected with a plasmid expressing
TLR4 and CD14 did not induce TLR4-dependent NF-kB activa-
tion by Td92 (Figure S1D). We also observed that native Td92
extracted from T. denticola induced proIL-1b expression and
activated caspase-1 (Figure S1E). These results indicate that
Td92 induces both proIL-1b expression and caspase-1 activa-
tion to increase IL-1b secretion.
Td92 Activates Caspase-1 via NLRP3
Caspase-1 activation is initiated by the different inflammasome
components. To determine which component is involved in
Td92-induced caspase-1 activation, we examined the roles of
NLRP3, ASC (apoptosis-associated speck-like protein contain-
ing a caspase recruitment domain), the adaptor protein, and
NLRC4 by using siRNA technology. ASC silencing was included
because ASC is known to be an essential component of the
NLRP3 inflammasome. When Td92 was added to THP-1 cells
transfected with NLRP3-specific siRNA (Figure 2A) or ASC-
specific siRNA (Figure 2B), the p20 subunit of caspase-1 was
markedly decreased, whereas the silencing of NLRC4 did not
affect caspase-1 activation induced by Td92 (Figure 2C). Our
results indicate that Td92 activates the NLRP3 inflammasome.
Td92-Induced Caspase-1 Is Mediated by ATP
The NLRP3 inflammasome can be specifically activated by
a danger signal, such as ATP, which is released from stressed
cells (Franchi et al., 2009; Mariathasan et al., 2006). Extracellular
ATP is an inflammatory mediator that binds to the P2X7 receptor
and is involved in caspase-1 activation. To examine whether
Td92 induces ATP release, which, in turn, would lead to
caspase-1 activation, THP-1 cells were treated with Td92 orT. denticola, and the ATP concentration in the culture superna-
tants was measured. Td92 and live T. denticola significantly
induced ATP release (Figure 3A). For determining whether there
is a link between the ATP produced by Td92 and caspase-1 acti-
vation, THP-1 cells were treated with oxATP, the irreversible
P2X7 antagonist that blocks the interaction of ATP with the
P2X7 receptor (Cruz et al., 2007). As shown in Figure 3B, oxATP
at 300 mM completely blocked caspase-1 and IL-1b activation
induced by Td92, indicating that Td92-induced caspase-1 acti-
vation is mediated by ATP. Furthermore, oxATP treatment
inhibited the induction of proIL-1b by Td92. These results
suggest that ATP has a critical role in both NLRP3 inflammasome
activation and proIL-1b induction by Td92.
K+ Efflux Is a Mechanism of Td92-Induced
Inflammasome Activation
Depletion of intracellular K+ is one of themechanisms that lead to
NLRP3 inflammasome activation, and in vitro, millimolar
amounts of ATP induce a rapid collapse of ionic gradients by
activating the purinergic receptor P2X7R, an ATP-gated cation
channel, and cause K+ efflux (Pe´trilli et al., 2007). To examine
the role of K+ efflux in Td92-induced inflammasome activation,
we treated THP-1 cells with Td92 in the presence of high
concentrations of KCl in the culture medium such that K+ efflux
from the cells was blocked. KCl treatment remarkably reduced
Td92-mediated caspase-1 activation and proIL-1b expression
(Figure 3C).
To examine further the role of K+, we analyzed caspase-1 acti-
vation after THP-1 cells were treated with Td92 in the presence
of the ATP-sensitive potassium channel blocker glybenclamide
and tolbutamide. Both inhibitors decreased the extent of
caspase-1 activation induced by Td92 (Figures 3D and 3E).
These results indicate that Td92 increases plasma membrane
permeability via ATP, resulting in K+ efflux. Interestingly, proIL-
1b expression in the cell extracts was decreased by glybencla-
mide but not tolbutamide.
Td92 Triggers Caspase-1-Dependent Proinflammatory
Cell Death
In addition to processing proIL-1b into their mature forms,
caspase-1 can initiate a proinflammatory cell death called py-
roptosis. Because T. denticola and Td92 activate caspase-1
via the NLRP3 inflammasome, we tested whether T. denticola
and Td92 induce pyroptosis by measuring the release of lactate
dehydrogenase (LDH), which is a marker of cell death. Td92 and
T. denticola remarkably induced LDH release in THP-1 cells (Fig-
ure 4A). The LDH release was increased in a dose- and time-
dependent manner by Td92 stimulation (Figures 4B and 4C).
Approximately 70% cell death was observed upon treatment
with 10 mg/ml of Td92 for 40 hr. LDH release induced by Td92
was decreased in the presence of high extracellular K+ or the
caspase-1 inhibitors Ac-YVAD-cho and Z-YVAD-fmk (Figures
4D and 4E). Pyroptosis is characterized by the insertion of pores
into the cell membrane, which can be detected by the uptake of
a low-molecular-weight dye, such as propidium iodide (PI). Td92
increased PI uptake in the cells, and this increase was inhibited
by the addition of oxATP, KCl, or caspase-1 inhibitors (Figure 4F).
Taken together, these results show that Td92 induces pore
formation in the cell membrane and that the cell death is theImmunity 36, 755–768, May 25, 2012 ª2012 Elsevier Inc. 757
Figure 2. Td92-Induced IL-1b Activation Is Mediated via NLRP3
THP-1 cells were transfected with NLRP3 siRNA (A), ASC siRNA (B), NLRC4 siRNA (C), or control siRNA for 18 to 48 hr. RNA interference was confirmed by real-
time qPCR and immunoblotting. siRNA-transfected cells were treated with Td92, MDP, E. coli RNA, or S. typhimurium flagellin for 6 hr (flagellin was delivered into
the cytosol using with Profect P1 protein transfection reagent). Caspase-1, IL-1b, and b-actin were detected by immunoblotting. The real-time qPCR data are
shown as the means ± SD *p < 0.05 and **p < 0.01 compared to control siRNA-transfected cells.
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of Td92.
Intracellular Delivery of Td92 Does Not Enhance
Caspase-1 Activation
Flagellin is protein ligand that activates caspase-1 in an NLRC4-
dependent manner, and it must be internalized into the cytosol of
the cell to exert its activity. For determining whether Td92 inter-
nalization is a prerequisite for NLRP3 activation, Td92 was
delivered into THP-1 cells with a transfection reagent Profect
P1 and caspase-1 activation was analyzed. Unexpectedly,
internalization decreased the caspase-1 activation induced by
Td92, whereas the intracellular delivery of S. typhimurium
flagellin markedly enhanced caspase-1 activation compared to
instances in which flagellin was added without the transfection
reagent (Figure 5A). ProIL-1b production induced by Td92 was
also decreased by the transfection reagent. An increased time758 Immunity 36, 755–768, May 25, 2012 ª2012 Elsevier Inc.for transfection (from 3 to 6 hr) did not affect the results by
Td92. The enhanced Td92 internalization into the cells by Profect
P1 was confirmed by flow cytometry with FITC-labeled Td92
after extracellular fluorescence quenching with trypan blue (Fig-
ure 5B, top two panels). We further tested the relationship
between Td92 internalization and caspase-1 activation by using
cytochalasin D, an inhibitor of actin polymerization, which delays
or prevents protein internalization. The pretreatment of THP-1
cells with cytochalasin D resulted in a dose-dependent decrease
in FITC-labeled Td92 internalization (Figure 5B, bottom panel).
However, cytochalasin D treatment did not affect Td92-induced
caspase-1 activation, proIL-1b expression, or cell death (Figures
5C and 5D). These results confirm that Td92 internalization is not
required for these mechanisms.
Because S. typhimurium flagellin is known to induce pyropto-
sis (Miao et al., 2010), we compared LDH release from the cells
treated with Td92 and flagellin (Figure 5E) in the presence or
Figure 3. ATP and K+ Efflux Are Involved in Td92-Induced NLRP3 Activation
(A) THP-1 cells were stimulated with Td92, live T. denticola, or PP4 for 2 hr. Extracellular ATP concentration was determined using an ATP bioluminescence assay
Kit. The data are shown as the means ± SD. *p < 0.01 compared to unstimulated cells.
(B–E) THP-1 cells were pretreatedwith oxATP (B), KCl (C), glybenclamide (D), or tolbutamide (E) for 30min prior to stimulationwith Td92 for 6 hr. Caspase-1, IL-1b,
procaspase-1, proIL-1b, and b-actin were detected by immunoblotting.
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17% of total LDH, and the addition of Profect P1 increased
LDH release to 25%. Because Profect P1 alone caused 10%
LDH release, the increased LDH release by Td92 plus Profect
P1 could be due to the mild cytotoxic effect of Profect P1.
Flagellin-treated THP-1 cells released less than 3% of LDH in
the absence of Profect P1, but the addition of Profect P1 strongly
increased the LDH release (26%), indicating that cytosolic
flagellin efficiently induces caspase-1 activation. These results
support our data indicating that, unlike flagellin, internalization
of Td92 is not a critical step to activate caspase-1 and cell death.
Td92 Activates the NLRP3 Inflammasome by Interaction
with the Cellular Receptor Integrin a5b1
Our results indicate that Td92 binding, but not internalization, is
important for both caspase-1 activation and IL-1b transcription.
Because Profect P1 caused the rapid uptake of protein into the
cells without binding to the cells and because cytochalasin Dblocked Td92 internalization without affecting caspase-1 activa-
tion and proIL-1b expression, we hypothesized that Td92
binding to a membrane receptor is essential for caspase-1 acti-
vation and the transcriptional and posttranscriptional regulation
of IL-1b. In our previous study, we showed that Td92 was able to
bind to KB cells, an epithelial cell line, and contributed to the
binding of T. denticola to the cells (Jun et al., 2008). Additionally,
we observed that Td92 was able to bind to soluble and immobi-
lized fibronectin (data not shown), which is known to be recog-
nized by integrins, including a5b1 and avb3. On the basis of
these results, to identify a cellular receptor for Td92 that is
involved in caspase-1 activation, we performed an affinity
ligand-binding assay with Ni-NTA agarose, which binds histi-
dine-tagged recombinant Td92. Ni-NTA-bound Td92 was mixed
with THP-1 cell lysates, and the cellular proteins bound to
Td92 were subjected to immunoblotting with an fibronectin anti-
body (Ab) and integrin Abs. Because fibronectin was detected
only in the culture supernatants of differentiated THP-1 cellsImmunity 36, 755–768, May 25, 2012 ª2012 Elsevier Inc. 759
Figure 4. Td92 Induces Caspase-1-Dependent Cell Death
(A and B) THP-1 cells were treated with Td92, live T. denticola, or PP4 for 6 hr.
(C) THP-1 cells were treated with Td92 (10 mg/ml) for 1 to 40 hr.
(D and E) THP-1 cells were pretreated with KCl, Ac-YVAD-cho, and Z-YVAD-fmk for 30 min prior to stimulation with Td92 for 6 hr. Cell supernatants were
evaluated for the release of the cytoplasmic enzyme LDH with the LDH-cytotoxicity assay Kit. The data are shown as the means ± SD. *p < 0.01 compared to
Td92-treated cells.
(F) THP-1 cells were pretreated with oxATP, KCl, Ac-YVAD-cho, and Z-YVAD-fmk for 30 min prior to stimulation with Td92 for 3 hr. The cells were stained with
propidium iodide (PI, 20 mM) and Hoechst 33342 dye (10 mM) for 30 min, and images were acquired with a fluorescence microscope. PI-positive cells were
counted out of at least 1,000 total cells with the ImageJ software, and the data are presented as the means ± SD of the percentage of PI-positive cells. *p < 0.05
compared to unstimulated controls and #p < 0.05 compared to Td92-stimulated cells.
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to the ligand-binding assay mixture to confirm that the binding of
Td92 to integrin is direct, not via fibronectin (Figure 6A, lane 4).
Td92 bound to both the a5 and b1 subunits of the integrins,
regardless of the presence of fibronectin (Figure 6A, lane 4 and
5). Td92 did not bind directly to the integrin subunits av or b3
but bound these integrins in the presence of fibronectin. With
a polyclonal integrin b1 Ab, the b1 subunit of integrins of THP-
1 cells was detected as two distinct bands, which were recog-
nized by both Td92 and fibronectin. The b1 integrin undergoes
variable glycosylation according to cell type (Bellis, 2004).
Indeed, the deglycosylation of THP-1 cell lysates with N-glycosi-
dase F, which cleaves between the innermost N-acetylglucos-
amine and asparagine residues of oligosaccharides from
N-linked glycoproteins, resulted in a single b1 integrin form
that had a decreased molecular mass (Figure S2A), suggesting
that themolecular mass difference in the two forms of b1 integrin
may be completely attributed to the degree of glycosylation.
Lysates of THP-1 cells treated with tunicamycin, which inhibits760 Immunity 36, 755–768, May 25, 2012 ª2012 Elsevier Inc.N-glycosylation of newly synthesized glycoproteins, were re-
acted with Ni-NTA-bound Td92 and the cellular proteins bound
to Td92 were detected with an integrin b1 Ab. We did not
observe Td92 binding to the unglycosylated form of b1 integrin
(Figure S2B), indicating that inhibition of glycosylation of integrin
a5b1 affects the binding of Td92. To further assess the specificity
of the interaction of Td92 with integrin a5b1, we incubated
integrin a5b1 Ab-coated Protein A agarose with recombinant
human integrin a5b1 followed by Td92, fibronectin, or PP4. We
confirmed the direct binding of Td92 to integrin a5b1 (Figure 6B,
lane 2). Integrin avb3 Ab-coated Protein A agarose which was
incubated with recombinant human integrin avb3 and subse-
quently with Td92 was not detected to bind integrin avb3
(Figure S2C), suggesting specific interactions between Td92
and integrin a5b1.
Ligand binding of the integrin receptor induces clustering of
the integrins and recruitment of focal adhesion-associated
proteins. Upon stimulation of THP-1 cells with Td92 or fibro-
nectin, extensive aggregation of integrin a5b1 on the cell surface
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whereas the BSA treatment did not induce integrin aggregation
over the time course up to 2 hr (Figure S2D). Because cytocha-
lasin D prevented Td92 internalization, THP-1 cells were pre-
treated with cytochalasin D prior to FITC-labeled Td92 treatment
for visualization of Td92 binding to integrin a5b1. Upon incu-
bating the THP-1 cells with Td92 for up to 2 hr, the colocalization
of Td92 with integrin a5b1 was clearly observed, whereas
without cytochalasin D pretreatment, Td92 was observed in
the cells as well as on the cell surface (Figure 6C). To validate
our data that showed the involvement of integrin a5b1 in Td92-
induced caspase-1 activation, we performed an experiment
with integrin siRNA. Because the intact integrin a5 is known to
be essential for a5b1 dimer formation, expression on the cell
surface, and its biological function (Isaji et al., 2006), we used
siRNA specific for integrin a5. Caspase-1 activation and proIL-
1b expression induced by Td92 were remarkably inhibited by
integrin a5 silencing (Figure 6D). To further confirm that Td92
bound to the cells via integrin a5b1, we used a neutralizing integ-
rin a5b1 Ab. The integrin a5b1 Ab inhibited FITC-labeled Td92
binding to THP-1 cells (Figure 6E). Although the integrin a5b1
Ab did not completely inhibit Td92 binding to the cells, we
observed that the antibody inhibited Td92 binding in a dose-
dependent manner and that more than 70% of Td92 binding
was inhibited at a concentration of 50 mg/ml of the antibody
(data not shown), suggesting integrin a5b1 is the major cellular
receptor for Td92. In addition, the integrin a5b1 Ab remarkably
reduced caspase-1 activation and IL-1b secretion in a dose-
dependent manner (Figures 6F and 6G), whereas a neutralizing
integrin avb3 Ab did not affect Td92 binding to THP-1 cells,
caspase-1 activation or IL-1b secretion (data not shown).
proIL-1b was also reduced by the integrin a5b1 Ab (Figure 6F).
Additionally, we observed that the integrin a5b1 Ab neutralized
the ability of native Td92 and T. denticola whole bacteria to acti-
vate caspase-1 and to induce proIL-1b expression (Figure S2E).
The addition of the integrin a5b1 Ab at 20 mg/ml reduced
T. denticola-induced IL-1b secretion by 45% (data not shown).
However, the integrin a5b1 Ab did not affect S. typhimurium
flagellin-induced IL-1b secretion (Figure S2F).
Td92 induced caspase-1 activation and IL-1b secretion in
PBMC-derived macrophages, and the integrin a5b1 Ab mark-
edly reduced caspase-1 activation and IL-1b secretion by
Td92 (Figure 6H). In contrast to the findings in THP-1 cells,
proIL-1b expression in untreated PBMC-derived macrophages
was similar to that in Td92-treated cells, and the neutralization
effect by the integrin Ab was not observed.
Because Td92-induced ATP is a critical factor in NLRP3
inflammasome activation by Td92, we analyzed the effect of
the integrin a5b1 Ab on Td92-induced ATP production. The anti-
body reduced ATP release induced by Td92 to the control level
(Figure 6I). The neutralizing fibronectin Ab did not affect
caspase-1 activation, proIL-1b expression, or IL-1b secretion,
although the binding of Td92 was reduced by addition of the
fibronectin Ab (data not shown). These results indicate that
although Td92 is able to bind both integrin a5b1 and fibronectin,
Td92-induced NLRP3 activation is mediated via direct binding to
integrin a5b1, but not fibronectin.
To determine whether the priming of integrin a5b1 by other
ligands induces NLRP3 activation, THP-1 cells were treatedwith representative integrin a5b1 ligands, such as fibronectin
and the RGD peptide (GRGDSP), and were analyzed for their
ability to activate caspase-1. Fibronectin (5-20 mg/ml) and the
RGD peptide (10 and 100 mg/ml) induced caspase-1 activation
without the addition of ATP (Figure S2G). The addition of ATP
did not affect caspase-1 activation by fibronectin or the RGD
peptide (data not shown). As expected, fibronectin and the
RGD peptide significantly induced the release of ATP (Fig-
ure S2G). The addition of the integrin a5b1Ab or oxATPmarkedly
inhibited the caspase-1 activation induced by fibronectin or the
RGD peptide (Figure S2G). But, an integrin avb3 Ab did not
inhibit caspase-1 activation by fibronectin (data not shown).
Neither fibronectin nor the RGD peptide induced proIL-1b
expression at the concentrations used in this study (Figure S2G).
Taken together, the results above confirm that integrin a5b1 is
the principle receptor for NLRP3 inflammasome activation by
Td92, and ATP is the primary regulator.
NF-kB Activation Is Involved in proIL-1b Expression
and NLRP3 Activation Induced by Td92
Our results suggest that the binding of Td92 to cell membrane
integrin a5b1 is a critical step for NLRP3 inflammasome activa-
tion via ATP release, which causes K+ efflux. Because integrin
a5b1 Ab also reduces the expression of proIL-1b induced by
Td92, we used NF-kB and MAP kinase inhibitors to determine
whether these signaling pathways are involved in proIL-1b
expression after Td92 binding to integrin. The induction of
proIL-1b expression by Td92 was inhibited by pretreatment of
the cells with inhibitors of NF-kB (TPCK and BAY-117082) and
MAP kinases, such as p38 (SB202190 and SB203580), ERK
(PD98059), and JNK (SP600125) (Figure 7A). Pretreatment of
the cells with the integrin a5b1 Abmarkedly inhibited IkBa degra-
dation and reduced the phosphorylation of p38, ERK, and JNK
(Figure 7B). NF-kB translocation into the nucleus with NF-kB
p65 Ab was observed by confocal microscopy in the cells
treated with Td92, T. denticola, LPS (a positive control), or
TNF-a (a positive control). The integrin a5b1 Ab and oxATP
significantly reduced the induction of NF-kB translocation by
Td92 or T. denticola, but not by LPS (Figures 7D and 7E).
Because the integrin a5b1 Ab and oxATP reduced both the
caspase-1 activation and the proIL-1b expression induced by
Td92 and because the NF-kB pathway has an important role in
Td92-induced proIL-1b expression, we tested whether the
NF-kB pathway is also involved in Td92-induced caspase-1 acti-
vation. As shown in Figure 7F, Td92-induced caspase-1 activa-
tion was reduced by a specific NF-kB inhibitor, Bay-117082,
suggesting a key role of NF-kB for IL-1b production and secre-
tion. Proinflammatory stimuli, including TLR ligands and TNF-a,
have been reported to induce NLRP3 expression, which is
thought to be a limiting factor for NLRP3 activation and to be
mediated by NF-kB activation (Bauernfeind et al., 2009). We
also tested whether Td92 induces NLRP3 expression and
whether this would be inhibited by a NF-kB inhibitor. Td92
induced NLRP3 expression at the gene and protein levels
(Figures 7G and 7H), and this induction was inhibited by Bay-
117082. Td92-induced NLRP3 expression was also reduced
by an integrin a5b1 Ab or oxATP (Figure 7H). Marginal upregula-
tion of NLRP3 expression was observed when the cells were
treated with fibronectin (Figure 7H).Immunity 36, 755–768, May 25, 2012 ª2012 Elsevier Inc. 761
Figure 5. Td92 Internalization into the Cells Is Not Required for Caspase-1 Activation or IL-1b Induction
(A) THP-1 cells were stimulated with Td92 or S. typhimurium flagellin, which was premixed with or without Profect P1 for 3 and 6 hr. Caspase-1, IL-1b, pro-
caspase-1, proIL-1b, and b-actin were detected by immunoblotting.
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Td92-induced proIL-1b expression, we performed further exper-
iments to determine whether any TLRs are primed with Td92 to
induce NF-kB activation and proIL-1b expression. Because
TLR signaling is transferred through the adaptor proteins
myeloid differentiation factor 88 (MyD88) and/or Toll-IL-1
receptor domain-containing adaptor inducing interferon-
b (TRIF) to activate NF-kB, the THP-1 cells transfected with
siRNA specific for MyD88 or TRIF were treated with Td92 or
LPS. MyD88 or TRIF silencing significantly inhibited LPS-
induced NF-kB translocation into the nucleus but did not affect
Td92-induced NF-kB translocation (Figure 7I). We also observed
that Td92-induced caspase-1 activation and proIL-1b expres-
sion were not changed by MyD88 or TRIF silencing, whereas
LPS-induced proIL-1b expression was markedly decreased
(data not shown). These results exclude the involvement of any
TLRs in Td92- induced-NF-kB activation and proIL-1b expres-
sion. Taken together, these results indicate that Td92 fulfills all
of the requirements for the activation of the NLRP3 inflamma-
some and IL-1b secretion by priming the cell through integrin
a5b1 and NF-kB activation, independently of TLR signaling.
DISCUSSION
In this study, we demonstrated that the direct interaction of in-
tegrin a5b1 and Td92, which is a bacterial surface protein of a pe-
riodontopathogen, induces NLRP3 activation in THP-1 cells and
PBMC-derived macrophages. Further, we showed that the
representative integrin a5b1 ligands fibronectin and the RGD
peptide also activate caspase-1 via interaction with integrin
a5b1 and ATP release. Because there is no RGD motif in Td92,
the Td92 binding site for integrin a5b1 is probably distinct from
that of fibronectin and, possibly, other RGD-containing proteins.
The interaction between Td92 and integrin a5b1 is similar to the
interaction between fibronectin or RGD and integrin a5b1 in
terms of caspase-1 activation but is distinct in the induction of
proIL-1b expression. Td92 can bind to cells via fibronectin, but
this interaction does not seem to be critical for Td92-induced
caspase-1 activation because a neutralizing fibronectin Ab in-
hibited cell binding but not caspase-1 activation. Otherwise,
the effect of Td92 on caspase-1 activation via fibronectin may
be shielded by the direct interaction between Td92 and integrin
a5b1. Further work to identify the sites through which Td92 binds
to integrin a5b1 and fibronectin will yield new insight into the
nature of the interaction between the integrin and its ligands
that activates the NLRP3 inflammasome. Using the truncated
Td92, we showed that the amino terminal half of Td92 possesses
the activities for caspase-1 activation and proIL-1b expression.
Using cytochalasin D, which inhibits actin polymerization, we
demonstrated that Td92 binding alone without internalization(B) THP-1 cells were incubated with FITC-labeled Td92, which was premixed w
cytochalasin D for 30 min (bottom panel) before FITC-labeled Td92 treatment
formaldehyde-fixed THP-1 cells treated with FITC-Td92 were used as a negative
intensities (MFI).
(C and D) THP-1 cells were pretreated with cytochalasin D for 30min prior to Td92
detected by immunoblotting (C) and LDH released into the culture supernatants
(E) LDH release was measured in the culture supernatants of Td92- or S. typhimu
The data are presented as the means ± SD *p < 0.05 compared to without Profeleads to NLRP3 activation and proIL-1b expression. Interest-
ingly, the clustering of integrin a5b1 induced by Td92 was
not blocked by cytochalasin D. Buensuceso et al. (2003)
showed that fibrinogen binding to Chinese hamster ovary
(CHO) cells stably expressing integrin aIIbb3 induces aIIbb3
clustering, which is not inhibited by cytochalasin D. These
results were interpreted that actin cytoskeleton imposes basal
constraints on fibrinogen binding function, and prevention of
actin polymerization releases those constraints and increases
ligand binding.
Inflammation is essential for host defense against infections,
but the chronic or excessive production of IL-1b by dysregulation
of the inflammasome caused by mutations in NLRP3 and
P2X7 is associated with heritable and acquired inflammatory
diseases, such as type 2 diabetes, gout, and cryopyrin-associ-
ated periodic syndromes (Agostini et al., 2004; Schroder and
Tschopp, 2010). IL-1b or IL-1b receptor antagonists are thus
potential therapeutics for the treatment of inflammatory diseases
through the targeting of the NLRP3 activation pathway (Hoffman
et al., 2004; Dinarello, 2005). IL-1b is a key mediator for gingival
inflammation and is a strong enhancer of PGE2 and TNF-a,
leading to the degradation of the extracellular matrix of the
periodontal tissues and alveolar bone, which are the character-
istics of periodontitis (Liu et al., 1996). Because IL-1b is tightly
controlled by the separate regulation at transcriptional and
posttranslation levels, the simultaneous induction of proIL-1b
and its maturation by Td92 could lead to uncontrollable inflam-
mation. Td92 and homologous proteins are found in diverse
oral Treponema species associated with periodontitis (Jun
et al., 2008), and multiple Treponema species can be found in
a single periodontitis patient or a single diseased site, implying
that the coexistence of several Treponema species expressing
Td92 homologous proteins could additively enhance IL-1b
production, thus amplifying the cytopathological effects on
host cells.
ProIL-1b induction by microbial stimuli usually involves NF-kB
activation, which is independent of inflammasome activation.
However, a recent report demonstrated that proIL-1b induction
also potentiated NLRP3 inflammasome activity by the NF-kB-
dependent induction of NLRP3 in murine macrophages (Bauern-
feind et al., 2009). According to this report, NLRP3 expression
was critical for the activation of NLRP3 by its activators.
NLRP3 activators alone cannot activate NLRP3 without the
priming of the cells to stimulate NLRP3 transcription via tran-
scriptionally active signaling receptors, such as TLRs and
TNFR, and NLRP3 transcription is dependent on the NF-kB
signaling pathway. Consistent with this study, Td92 induced
proIL-1b and NLRP3 expression via NF-kB activity, which also
affected caspase-1 activation. NLRP3 mRNA expression in
gingival tissues has been shown to be significantly higher inith or without Profect P1 (top two panels) or THP-1 cells were pretreated with
for 1 or 4 hr. Internalization of Td92 was analyzed by flow cytometry. Para-
control for internalization. The data are presented as the mean fluorescence
treatment for 6 hr. Caspase-1, IL-1b, procaspase-1, proIL-1b, and b-actin were
was measured (D).
rium flagellin-stimulated cells with or without the addition of Profect P1 for 6 hr.
ct P1 treatment.
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Figure 6. Integrin a5b1 Directly Interacts with Td92 to Activate Caspase-1
(A) THP-1 cell lysates were reacted with Td92, Td92 preincubated with fibronectin (Fn), or PP4. The reaction mixtures were incubated with Ni-NTA agarose.
Agarose-bound proteins were subjected to immunoblotting for the detection of integrin subunits (a5, an, b1, and b3), fibronectin (Fn), Td92, and PP4.
(B) Protein G-agarose was incubated with integrin a5b1 Ab, subsequently, with recombinant human integrin a5b1. After incubating the agarose with Td92,
fibronectin (Fn), or PP4, the proteins bound to the integrin a5b1-coated agarose were analyzed by immunoblotting.
(C) THP-1 cells were pretreated with cytochalasin D for 30 min and then incubated with FITC-labeled Td92 (10 mg/ml) for 2 hr. After fixation with 3.8% para-
formaldehyde, the cells were incubatedwith an integrin a5b1 Ab and then a Cy3-conjugated secondary Abwith the nuclear staining with Hoechst 33342 andwere
observed by confocal microscopy (32000). Scale bars represent 2.5 mm.
(D) The THP-1 cells transfected with integrin a5 siRNA were treated with Td92 for 6 hr. Caspase-1, IL-1b, proIL-1b, b-actin, and integrin a5 were detected by
immunoblotting.
(E) THP-1 cells were incubated with an integrin a5b1 Ab or IgG isotype for 1 hr prior to incubation with FITC-labeled Td92 (10 mg/ml) for 30 min, and Td92 binding
was analyzed by flow cytometry. The data are presented as the mean fluorescence intensities (MFI).
(F–H) THP-1 cells (F and G) or human PBMC-derived macrophages (H) were pretreated with an integrin a5b1 Ab or IgG isotype for 1 hr prior to stimulation with
Td92 for 6 hr. Caspase-1, IL-1b, procaspase-1, proIL-1b, and b-actin were detected by immunoblotting (F and the top panel of H), and the IL-1b concentration in
the culture supernatants was measured by ELISA (G and the bottom panel of H).
(I) THP-1 cells were pretreated with an integrin a5b1 Ab or IgG isotype for 1 hr before stimulation with Td92 for 2 hr. Extracellular ATP concentrations were
determined with an ATP bioluminescence assay Kit. The data are shown as themeans ± SD. *p < 0.01 compared to unstimulated cells and #p < 0.01 compared to
Td92-treated cells (G, H, and I). See also Figure S2.
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Figure 7. NF-kB Activation Has an Important Role in Td92-Induced proIL-1b Expression and NLRP3 Activation
(A) THP-1 cells were pretreated with various inhibitors for 30 min prior to stimulation with Td92 for 6 hr. IL-1b, proIL-1b, and b-actin were detected by immu-
noblotting.
(B) THP-1 cells were pretreated with an integrin a5b1 Ab or IgG isotype for 1 hr prior to stimulation with Td92 for 30 min. The cell lysates were subjected to
immunoblotting for IkBa degradation and MAPK phosphorylation.
(C–E) THP-1 cells were stimulated with Td92, T. denticola, LPS, TNF-a, or PP4 for 1 hr with or without pretreatment with the integrin a5b1 Ab or oxATP, and NF-kB
localization was detected with an anti-human NF-kB p65 Ab and a Cy3-conjugated secondary Ab with nuclear staining with Hoechst 33342. NF-kB translocation
into the nucleus of the cells was observed with a confocal laser scanning microscope (C). The number of cells positive for NF-kB activation after pretreatment
with the integrin a5b1 Ab (D) or oxATP (E) was counted out of a total of at least 500 cells with the NIH ImageJ software, and the data are presented as the
means ± SD.
(F) THP-1 cells were pretreated with Bay-117082 for 30 min before stimulation with Td92 or LPS for 6 hr. LPS-stimulated cells were pulsed with 2.5 mM ATP for
30 min. Caspase-1, IL-1b, procaspase-1, proIL-1b, and b-actin were detected by immunoblotting.
(G) THP-1 cells were stimulated with Td92 or LPS for 4 hr and NLRP3mRNA expressionwas analyzed by real-time qPCR. The data are shown as themeans ± SD.
(H) THP-1 cells were pretreated with an integrin a5b1 Ab, IgG isotype, Bay-117082 (Bay, 10 mM), or oxATP (Ox, 300 mM) for 30 min or 1 hr prior to stimulation with
Td92 for 6 hr. The cells were subjected to immunoblotting for the detection of NLRP3 expression. Fibronectin (Fn)-stimulated cells were also included.
(I) The THP-1 cells transfected with MyD88 or TRIF siRNA were treated with Td92 or LPS for 1 hr, and NF-kB localization was detected with an anti-human NF-kB
p65 Ab and aCy3-conjugated secondary Abwith nuclear staining with Hoechst 33342. The data are shown as themeans ± SD. **p < 0.01 and *p < 0.05 compared
to unstimulated cells (D, E, G, and I); #p < 0.01 compared to Td92-treated cells (D and E) or to control siRNA-transfected cells (I). Scale bars represent 10 mm in (C)
and 50 mm in (D), (E), and (I).
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healthy subjects, and the expression of NLRP3 and IL-1b
mRNA positively correlate with each other (Bostanci et al., 2009).The involvement of integrin a5b1 in the transcriptional regula-
tion of IL-1b has been demonstrated in human promonocytic
U937 cells through the activation of protein kinase C and theImmunity 36, 755–768, May 25, 2012 ª2012 Elsevier Inc. 765
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(1997) reported that RGD peptides induced the mRNA expres-
sion of the IL-1b-converting enzyme (caspase-1) and apoptosis
in the glomerular mesangial cells of adult human kidneys. Taken
together, these results imply that integrin priming could lead to
the induction of IL-1b expression. Although fibronectin and the
RGD peptide induced caspase-1 activation in our study, they
did not induce proIL-1b. The discrepancy between our results
and the results observed in previous studies using U937 cells
and glomerular mesangial cells may be attributable to the
different types of cells that were used or different doses or types
of fibronectin used for cell treatment.
Caspase-1 activation by Td92 is associated with membrane
pore formation and the release of LDH, which are characteristics
of pyroptosis, a proinflammatory cell death. Pyroptosis is an
innate immune response to efficiently clear intracellular patho-
gens, including S. typhimurium and Legionella pneumophila, in
a manner independent of proinflammatory cytokines, such as
IL-1b and IL-18 (Miao et al., 2010). T. denticola is not an intra-
cellular organism, and persistent stimulation of cells with the
T. denticola surface protein Td92 induces the related processes
of IL-1b secretion and cell death, contributing to chronic nature
of periodontitis.
Currently, three models for NLRP3 activation have been
proposed. In the channel model, the agonists activate the
P2X7 ATP-gated ion channel, which triggers K+ efflux from the
cells and recruits the pore-forming pannexin 1 hemichannel.
The agonists enter the cells through the pannexin 1 hemichannel
and interact with NLRP3 in the cytoplasm (Kahlenberg and
Dubyak, 2004; Pe´trilli et al., 2007). In the lysosome rupture
model, large particulate agonists, such as alum and silica, are
inefficiently cleared from the host after phagocytosis, and the
remaining particles induce phagosomal destabilization and
lysosomal rupture, which allows the activation of NLRP3 via
cathepsin B release (Hornung et al., 2008). Finally, in the ROS
model, all of the NLRP3 agonists trigger the generation of
a common component, possibly ROS, which leads to NLRP3
activation (Tschopp and Schroder, 2010). Because Td92-
induced NLRP3 activation includes ATP release from the host
cells and K+ efflux, the channel model should be considered.
However, the interaction of Td92 with a cell membrane receptor
was enough to signal NLRP3 inflammation activation, and Td92
internalization into the cytosol is not necessary. Therefore,
ROS generation could be considered to be involved in Td92-
induced NLRP3 activation. In a preliminary study, we observed
that Td92 induced ROS. However, although the activation of
caspase-1 by Td92 is completely negated by the ATP antagonist
oxATP, ROS production was only partially reduced by this
compound. The elucidation of the mechanisms of NLRP3
activation from integrin priming to NF-kB activation may provide
new insights into the process of NLRP3-dependent caspase-1
activation.
In summary, we report that integrin a5b1 is directly involved in
NLRP3 activation, IL-1b transcription, and the NF-kB signaling
pathway upon interaction with a surface protein of T. denticola,
a major periodontopathogen. The involvement of integrin a5b1
in NLRP3-mediated inflammation is strengthened by the fact
that fibronectin and an RGD peptide induced caspase-1 activa-
tion via interaction with integrin a5b1. The role of integrin a5b1 in766 Immunity 36, 755–768, May 25, 2012 ª2012 Elsevier Inc.NLRP3 activation may provide new insight into understanding
the activation and regulation of the inflammasome. Through its
interaction with integrin a5b1, Td92 may serve an interesting
molecule for understanding ‘‘signal 1’’ for proIL-1b synthesis
and ‘‘signal 2’’ for caspase-1 activation to stimulate IL-1b secre-
tion. Strategies that control NLRP3 activation via integrin a5b1
and related signaling molecules may have potential for control-
ling periodontal disease.
EXPERIMENTAL PROCEDURES
The Institutional Review Board of Seoul National University approved the
collection of human blood (No. S-D20100008).
Chemicals and Antibodies
A list of chemicals and antibodies is described in Supplemental Information.
Bacteria and the T. denticola Surface Protein Td92
T. denticola (ATCC 33521) was cultured and the T. denticola surface protein
Td92 was prepared in a recombinant six-histidine-tagged form by cloning
into E. coli as described previously (Jun et al., 2008). An irrelevant recombinant
peptide, PP4, was also prepared in accordance with the same procedures
(Jun et al., 2007). Truncated Td92 polypeptdies (Td-G, which corresponded
to the amino acid positions 1–400 and Td-B, which corresponded to the amino
acid positions 401–798) according to the structural protein analysis with
MODELER (Fiser and Sali, 2003) were also prepared in recombinant proteins.
Endotoxin decontamination of the recombinant proteins was assessed in
several ways as described in the Supplemental Information.
Cell Treatment
THP-1 cells (ATCC TIB-202, 23 106 cells/well in six-well plates) were differen-
tiated into macrophage-like cells with 0.5 mMPMA for 3 hr. Human monocytes
were purified with Ficoll-Paque PLUS and were differentiated for 6 days. The
differentiated cells were treated with Td92, live whole T. denticola cells, trun-
cated Td92 polypeptides, MDP, fibronectin, GRGDSP peptide, GRADSP
peptide, PP4, S. typhimurium flagellin, or LPS in serum-free medium for
1–6 hr. In some experiments, the cells were pretreated with cytochalasin D,
oxATP, Ac-YVAD-cho, Z-YVAD-fmk, KCl, glybenclamide, tolbutamide,
SB202190, SB203580, TPCK, BAY-117082, SP600125, PD98059, integrin
a5b1 Ab (Chemicon, JBS5), fibronectin Ab (Chemicon, 3E3), or integrin anb3
Ab (Chemicon, LM609) at the indicated concentrations for 30min or 1 hr before
stimulation with the various stimuli for 6 hr. MDP- or LPS-stimulated cells were
further incubated with 2.5 mM ATP for 30 min. Procaspase-1 and proIL-1b in
the cell extracts and their active forms secreted in the culture supernatant
precipitated by 10% TCA were analyzed by immunoblotting. The culture
supernatants were assayed for determining IL-1b concentrations with
an ELISA Kit from R&D Systems. For the detection of NLRP3 expression,
the cell lysates and culture supernatants were combined and used for
immunoblotting.
Immunoblot Analysis
Cell lysates and TCA-precipitated supernatants were subjected to immuno-
blotting with a specific antibody and then with a horseradish peroxidase-
conjugated secondary antibody and detected with a standard ECL reaction.
The band intensities of the immunoblots were quantified with NIH ImageJ soft-
ware and are presented as the relative ratio to b-actin.
Determination of Extracellular ATP Concentration
The extracellular ATP concentration was determined with an ATP biolumines-
cence assay Kit (Roche).
RNA Interference Assay
siRNA transfection in PMA-differentiated THP-1 cells was performed with
Lipofectamine RNAiMAX. The sequences of siRNAs are shown in Table S1.
The silencing of each gene and protein was analyzed by real-time qPCR and
immunoblotting, respectively.
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Total RNA was isolated with an easy-BLUE total extraction kit (iNtRON
Biotechnology), and cDNA was synthesized with a Maxime RT PreMix kit
(iNtRON Biotechnology) prior to qPCR. Glyceraldehyde dehydrogenase
(GAPDH) mRNA expression was used for normalizing gene expression and
for quantifying the changes in gene expression between nontreated controls
and treated cells. The sequences of qPCR are shown in Table S2.
Protein Transfection
Td92 (10 mg) or flagellin (500 ng) was mixed with 2.5 ml Profect P1 (Targeting
Systems), a protein transfection reagent, in 100 ml of serum-free RPMI 1640
medium without antibiotics at room temperature for 20 min. PMA-differenti-
ated THP-1 cells (2 3 106 cells/ml in six-well plates) were stimulated with
the mixture for 1 to 6 hr.
Cell Death Assay
Cell death was measured with an LDH cytotoxicity assay kit (BioVision). Cyto-
toxicity was calculated against the maximum release of LDH, which was
obtained by cell lysis with the detergent Triton X-100. Pore formation in
THP-1 cells was determined by the quantification of PI uptake. Images of
PI-positive cells were acquired with fluorescence microscopy (Nikon ECLIPSE
TE 200) and counted with NIH ImageJ software.
Ligand-Binding Assay
THP-1 cell lysates (1.4 mg in 100 ml) were reacted with Td92 (50 mg), and Td92
preincubated with fibronectin (50 mg Td92 + 50 mg fibronectin, 37C for 1 hr) or
PP4 (50 mg) in a total reaction volume of 300 ml while slightly inverting at 4C
overnight. The reaction mixtures were then incubated with 30 ml of Ni-NTA
agarose at 4C for 4 hr. After intensive washing with washing buffer A
(50 mM HEPES [pH 7.5], 300 mM NaCl, 20 mM imidazol, and 0.1 mM
PMSF), proteins bound to the agarose were eluted with elution buffer (washing
buffer A containing 250 mM imidazol) and subjected to immunoblotting for the
detection of integrin subunits (a5, an, b1, and b3), fibronectin, Td92, and PP4
with specific antibodies.
For analysis of the direct interaction of Td92 with integrin a5b1, integrin a5b1
Ab (3 mg) or integrin avb3 Ab (3 mg) was incubated with 20 ml of Protein
G-agarose (1 mg/ml) at 4C for 4 hr. After washing with washing buffer B
(50 mM HEPES [pH 7.5], 150 mM NaCl, 1% Nonidet P40, 0.5% sodium deox-
ycolate, and 0.1 mM PMSF), the integrin a5b1 Ab bound to agarose was
reacted with recombinant human integrin a5b1 (10 mg), and the integrin avb3
Ab bound to agarose was reacted with recombinant human integrin avb3
(10 mg) at 4C overnight. After washing, the agarose was reacted with Td92
(10 mg), fibronectin (20 mg), or PP4 (10 mg) at 4C overnight. After washing,
the resultant agarose was subjected to immunoblotting with a histidine Ab
(for the detection of recombinant Td92 and PP4), fibronectin Ab, or integrin
a5 Ab.
Cell Binding and Internalization Assay
Td92 binding and internalization were analyzed with FITC-labeled Td92, inhib-
itory antibodies, cytochalasin D, and Profect P1 as described in the Supple-
mental Information.
Immunofluorescent Staining
PMA-differentiated THP-1 cells on a cover glass were pretreated with 2.5 mM
cytochalasin D for 30 min before incubation with FITC-labeled Td92 (10 mg/ml)
for 2 hr. The cells were fixed with 3.8% paraformaldehyde in PBS and were
blocked with 2% human serum in PBS. The cells were then incubated with
the integrin a5b1 Ab (2 mg/ml) and subsequently incubated with a Cy3-conju-
gated secondary Ab (1 mg/ml). The cell nucleus was stained with 10 mM
Hoechst 33342. The cells were analyzed for colocalization of Td92with integrin
a5b1 on the cell membrane by confocal laser scanning microscopy (Olympus
FV300).
NF-kB Activation Assays
NF-kB activation by Td92 and its relationship with caspase-1 activation were
assayed with an NF-kB p65 Ab and a specific NF-kB inhibitor Bay-117082 as
described in the Supplemental Information.Statistical Analyses
Statistically significant differences between samples were analyzed with an
unpaired, one-tailed Student’s t test. The data are shown as the mean ± SD.
A p value of < 0.05 was considered statistically significant.
SUPPLEMENTAL INFORMATION
Supplemental Information includes two figures, two tables, and Supple-
mental Experimental Procedures and can be found with this article online
at doi:10.1016/j.immuni.2012.05.002.
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